BACKGROUND: Peripheral blood hematocrit (red blood cell volume/total blood volume) is conventionally used to determine the need for blood transfusions. In critically ill surgical patients, this variable may not accurately approximate true red blood cell volume. We compared peripheral blood hematocrit to (1) plasma volume, (2) estimated circulating blood volume, and (3) a normalized hematocrit to clarify their relationships. METHODS: Consecutive patients admitted to the surgical intensive care unit were evaluated using the BVA-100 Blood Volume Analyzer (Daxor Corporation, New York City, NY). Plasma volume was directly measured by serial tagged albumin concentration. Red blood cell volume was calculated using plasma volume and the peripheral blood hematocrit result. All volumes were presented as percentage deviation from ideal volumes. These ideal volumes were obtained using a patented formula incorporating ideal body weight as determined by Metropolitan Life tables. The peripheral blood hematocrit was compared with a "normalized" hematocrit, defined as the hematocrit value if plasma volume was adjusted to a normal whole blood volume. RESULTS: Eighty-six data points were recorded for 40 patients with average age 61 Ϯ 20 yr, APACHE II score 20 Ϯ 6, and a 13% mortality rate. The primary reasons for admission were severe sepsis/septic shock (n ϭ 11), hemorrhagic shock (n ϭ 7), respiratory failure (n ϭ 20), and cardiac failure (n ϭ 2). Bland-Altman analysis showed a mean difference of 3.4 Ϯ 7.8 hematocrit percentage points between normalized and peripheral blood hematocrit methods, with a 95% confidence interval of 1.7-5.1 and limits of agreement of Ϯ15.2 hematocrit percentage points. Peripheral blood hematocrit was lower than the normalized hematocrit in 48% of measurements, higher in 17%, and equivalent in 35%. CONCLUSIONS: Peripheral blood hematocrit may not accurately estimate red blood cell volume in a cohort of critically ill surgical patients. This remains to be validated in a larger group of patients, comparing these results with the double isotope technique. Themanagementofcr itically ill patients requires resuscitation to an adequate intravascular blood volume (BV) status to achieve improved tissue oxygenation.
1,2 BV, comprising plasma volume (PV) plus red blood cell volume (RBCV), is estimated to be 60 -70 mL/kg. 3 RBCV is indirectly estimated using peripheral blood hematocrit (Hct) measured in the clinical laboratory. 4 This Hct value, also called the packed cell volume, is the ratio of the RBCV relative to the total volume of whole blood in a sample of blood. Manual and automated methods for determining peripheral blood Hct show excellent correlation. 5 However, peripheral blood Hct, as a surrogate measure for RBCV, may falsely reflect a low RBCV in states of excess PV (dilutional anemia), or the Hct may falsely reflect a high RBCV when PV is low. 4,6 -8 Because the traditional method of directly measuring BV using radioisotope-labeled red blood cells (RBC) and albumin is arduous and impractical, 4,9 -11 a simplified, prepackaged, semiautomated kit is used clinically for BV measurement. Although peripheral blood hemoglobin measured in the clinical laboratory, and at times by extension the Hct, is currently used to make RBC transfusion decisions, it may not represent true RBCV. 4,6 -8 Euvolemic or compensatory anemia (decreased RBCV, increased PV, and normal BV) and hypervolemic or dilutional anemia (normal RBCV, increased PV, and increased BV) are well tolerated, but hypovolemic anemia (decreased RBCV, decreased PV, and decreased BV) may be fatal in conditions associated with increased physiologic stress.
This study compared peripheral blood Hct measured in the clinical laboratory to (1) PV, (2) estimated total BV, and (3) a normalized Hct to test the hypothesis that peripheral blood Hct is an accurate indicator of RBCV.
METHODS
This study was reviewed and approved by the IRB of The Queen's Medical Center. Written informed consent was obtained from all subjects or from a legal surrogate. The study was conducted in a university-affiliated, 500-bed, urban, tertiary care teaching hospital. BV was measured in consecutive patients admitted to the surgical intensive care unit (SICU) whose intravascular volume status was clinically deemed uncertain by the treating team. The rounding team determined whether there was a clinical variable requiring treatment: low arterial blood pressure [systolic blood pressure Ͻ90 mm Hg despite adequate fluid resuscitation to a pulmonary artery occlusion pressure of 15-18 mm Hg, if a pulmonary artery catheter (PAC) was present], persistent tachycardia (defined as heart rate Ͼ100 bpm), low urine output (Ͻ0.5 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 despite volume infusion), worsening renal function (serum creatinine increase of Ͼ20% of baseline), low cardiac index (Ͻ2.5 L ⅐ min Ϫ1 ⅐ m Ϫ2 with pulmonary artery occlusion pressures of 15-18 mm Hg, if a PAC was in place), oxygenation deficit (defined as PAo 2 /Fio 2 ratio Ͻ200, or intrapulmonary shunt ratio, Q s /Q t , of Ͼ20%, if PAC in place), persistent requirement for vasopressors, or non-normalization of lactate levels.
All patients were assessed using available clinical variables: heart rate, arterial blood pressure, urinary output, PAC data, chest radiograph, arterial blood glass, B-natriuretic peptide, lactic acid, blood urea nitrogen, creatinine, and hemoglobin/Hct. Patients were excluded if they were pregnant, younger than 18 yr, or if there was a history of an iodine allergy. All BV measurements were performed after the first 24 h of acute resuscitation to minimize any impact of rapidly shifting intravascular volumes (or vasopressor and inotrope use) on peripheral blood Hct and BV analysis.
BV assessment was performed with the BVA-100 Blood Volume Analyzer (Daxor Corporation, New York City, NY), which uses injection of 1 mL of I-131-labeled serum albumin containing 25 Ci of radioactivity. After obtaining a baseline sample of 5 mL peripheral blood, 1 mL of I-131-labeled albumin was injected IV over 1 min. All blood samples were obtained with the patient in a supine position. At the time the baseline sample of 5 mL blood was obtained, a peripheral blood Hct was simultaneously acquired. Five milliliter blood samples were collected at 12, 18, 24, 30, and 36 min postinjection, and PV was measured by extrapolating to time zero. Radioactivity was measured in duplicate, with a minimum of three sample points with a sd of Ͻ3.9%. Results were available in 45-90 min.
The RBCV was calculated based on the relationship of Hct to RBCV/(RBCV ϩ PV), and BV was calculated based on PV ϩ RBCV. The values of PV, RBCV, and total BV are presented as percent deviation from ideal values. These ideal BV values were derived using a patented formula based on gender, height, weight, and optimum (ideal) weight as determined by the Metropolitan Life tables, and as previously validated by BV studies. 3, 12 An approach for categorizing the significance of BV abnormalities was formulated by these investigators based on the standard error identified in the measurements of BV in the subjects tested, where a normal BV was ascertained to be within 8% of the predicted normal BV, hypovolemia as Ͻ8%, and hypervolemia as Ͼ8%.
3,12
The peripheral blood Hct was further adjusted to a "normalized" Hct, the Hct value if PV was adjusted to a normal whole BV. This is a more accurate reflection of RBCV and absolute RBC mass (the degree of true anemia or polycythemia) and can be interpreted independent of PV. 4, 9 The Statistical Package for the Social Sciences (SPSS, Chicago, IL) software was used for analysis. Descriptive statistics were used to describe patient characteristics (mean and sd for continuous data). Bland-Altman analysis was applied to estimate bias and limits of agreement between peripheral blood Hct measurements and normalized Hct. 13, 14 A P value of Ͻ0.05 and a 95% confidence interval were considered statistically significant.
RESULTS
Data points were collected for 40 patients (32 male/8 female) aged 61 Ϯ 20 yr (mean Ϯ sd) with APACHE II scores of 20 Ϯ 6 (mean Ϯ sd) and a 13% mortality rate (5 of 40). There were 14 trauma patients, 22 general surgical patients, and 4 patients from other surgical subspecialties. Twenty data points were obtained in subjects with a PAC. The primary reasons for intensive care unit (ICU) stay were: severe sepsis/septic shock (n ϭ 11), hemorrhagic shock (n ϭ 7), respiratory failure (n ϭ 20), and cardiac failure (n ϭ 2). The ICU day of BV measurement ranged from day 1 to day 84, with the following distribution: day 1-2 (n ϭ 14), day 3-4 (n ϭ 20), day 5-10 (n ϭ 25), day 11-20 (n ϭ 10), day Ն21 (n ϭ 17).
Peripheral blood Hct was compared to PV and estimated total BV to determine if there was a linear relationship between these variables. This was evaluated by construction of regression (scatter) plots and calculation of coefficients of determination, R 2 , to test the validity of the regression models. The R 2 was 0.0353 for peripheral blood Hct measured in the laboratory compared to PV (Fig. 1) and 0.0072 for peripheral blood Hct compared to estimated total BV (Fig. 2) .
Bland (Fig. 3) . The limits of agreement, determined by estimation of the mean difference and the standard deviation of the differences, were Ϯ15.2 Hct percentage points. The peripheral blood Hct measured in the clinical laboratory was lower than the normalized Hct in 41 of 86 (48%) measurements, higher in 15 of 86 (17%), and equivalent in 30 of 86 (35%). BV data demonstrated more than 16% deficit from ideal normal in RBCV in 46% (39 of 86) of the measurements, and Ͼ24% deficit in RBCV in 26% (22 of 86) ( Table 1) .
DISCUSSION
The present study in SICU subjects showed that peripheral blood Hct may not reflect true RBCV and values may deviate by as much as 15 Hct percentage points. Given that Hct reflects RBCV in relation to PV and total BV, estimating RBCV based on the peripheral blood Hct alone may be misleading. There was no strong linear relationship (based on scatter plots and R 2 values) between peripheral blood Hct, PV, and estimated total BV, indicating that PV and estimated BV vary independently of RBCV. The Bland-Altman plot further suggests that a systematic proportional error may be present, with the peripheral blood (measured) Hct over-estimating the RBCV when it is in the lower range of our study (hence a negative value for normalized Hct Ϫ measured Hct) and underestimating the RBCV when it is in the higher range (resulting in a positive value for normalized Hct Ϫ measured Hct). This may incorrectly lead clinicians to either over-or under-transfuse RBCs, both of which may have negative consequences.
Our study methodology incorporated use of multiple timed blood samples after injection of the I-131-labeled albumin. This allowed adequate mixing time to occur in vivo, which reliably corrected for the albumin transudation rate. This yielded true zero-time PV results. This single isotope method therefore detects and adjusts for the loss of albumin into the interstitial space that occurs with capillary leak syndrome (commonly seen in sepsis, shock states, trauma, and conditions associated with the systemic inflammatory response syndrome), and has been validated in this setting. 15 Dworkin et al. measured RBCV and total BV using simultaneous chromium-51-tagged RBCs and iodine-125-tagged albumin and compared this to iodine-131-tagged albumin and extrapolated RBCV using the BVA-100 analyzer. 16 Measurement of PV alone in this group of 27 healthy subjects was found to provide results comparable to those obtained from simultaneous measurement of both PV and RBCV, the method recommended by the International Council for Standardization in Hematology (ICSH; previously the International Committee for Standardization in Hematology). 17, 18 Moreover, some institutions have completely ceased using the double isotope technique and instead use the albumin-labeled single isotope methodology to measure PV and RBCV 10 The major advantage is the relatively short time needed to obtain results with a single dye, or single radioisotope, technique. In contrast, the combined, simultaneous measurement with chromium-51-tagged RBCs and iodine-125-tagged albumin requires an average of 5 h for results.
In adults, the ICSH has provided formulas for calculating expected PV and RBCV, from which total BV can be calculated. 10, 18, 19 These formulas are based on gender, age, and body surface area, and were derived from double isotope techniques obtained in normal healthy subjects. In our study population, all but one PV measurement and all but seven estimated RBCV measurements were higher than published reference ranges for normal subjects. 10, 18, 19 The physiologic implications of and mechanisms accounting for these findings remain to be determined.
There is accumulating evidence that peripheral blood Hct is an imprecise estimate of RBCV. The peripheral blood Hct, generally measured by the venous Hct, is approximately 10% higher than the total body Hct, because the Hct in the microcirculation is less than that in the macrocirculation. Therefore, the peripheral blood Hct is not a true portrait of the functional level in the microcirculation of individual organs, which may partially account for contrasting data regarding the benefits of transfusion in critically ill patients. 19 Some investigators have reported a positive correlation between peripheral blood Hct and RBCV, but this apparent loose relationship has not allowed accurate prediction of the RBCV from the Hct value. 9 Despite these considerations, it should be emphasized that the peripheral blood Hct is currently viewed by many clinicians as the best surrogate available for estimation of total body Hct, and is the value most commonly used in contemporary clinical practice.
Potential limitations of this study include the heterogeneous SICU patient population and the fact that PV, calculated RBCV, and estimated BV determinations were performed at different points in the ICU stay. We do not believe that this variation significantly affects our results, given that laboratory Hct and BV measurements were done simultaneously in each patient enrolled. Also of relevance is that these measurements were not obtained during active fluid resuscitation of patients, so that during the BV assessment period the volume of distribution was not changing rapidly. Furthermore, in the ICU setting, the relationship between peripheral blood Hct and PV is affected by a number of factors, such as recumbency, blood transfusion, and blood sampling. All subjects in this study were supine throughout the testing and were not receiving transfusions. Additionally, no subject received diuretics for at least 24 h before and for the duration of testing, and blood sampling was limited during the testing period to that required for BV analysis only.
Lastly, one potential limitation that may have bearing on the findings derived from this study results from the sole use of radiolabeled albumin to measure BV variables. As in any single dye or single radioisotope technique, any error in measured PV is compounded when estimated RBCV and total BV are calculated. 20 Likewise, any error in measurement of the peripheral blood Hct will result in a proportional error in the calculated RBCV. 10 Blood sample radioactivity was not measured either before or after centrifuging of the RBCs, which would have provided both total BV and PV, and the technique used was the single isotope method, where only albumin (and not RBCs) was labeled. Thus, for the present study, RBCV and BV were not directly measured, and these results can only be regarded as estimates of RBCV and BV. Most of our subjects had Hct measurements in the clinical range of 25%-45%, and it would have been relevant to evaluate the relationship of laboratory Hct and RBCV in the presence of laboratory Hct measurements Ͻ25%. This is particularly important given that the current approach to transfusion therapy is guided to a large degree by the laboratory Hct. The rationale for this practice is substantiated by the fact that oxygen delivery is based significantly on cardiac output and hemoglobin level (and by extrapolation the Hct).
Studies such as this, if validated by others, have important clinical ramifications. In the subset of patients who have hypovolemic anemia, 4 the normal reference range Hct measured by the clinical laboratory is "adjusted" or "normalized" to a decreased total BV resulting from a decreased PV that has not compensated for the decrease in RBCV or RBC mass; thus, these patients are significantly more anemic than recognized based on their laboratory Hct. There is also a significant percentage of patients who are hypervolemic, and whose laboratory Hct may therefore decrease below established reference ranges. In these instances, patients are found to have a normal RBCV, and therefore RBC mass, when normalized to true BV status resulting from an expanded PV. 6, 7, 21 This cohort should not receive blood transfusions, as they are not truly anemic. For both sets of patients, their true RBCV status is not recognized by conventional laboratory measurement of Hct and other clinical surrogates of intravascular volume status. Such errors may be avoided by BV measurement that includes RBCV and PV measurement. Consideration of the laboratory Hct, RBCV, and PV will likely refine our approach to transfusion therapy in complex, critically ill surgical patients.
